Spiral arms, if they are massive, exert gravitational torques on stars that transport angular momentum radially within galactic disks. These torques depend not on the pattern speed or permanence of the arms but only on the nonaxisymmetric mass distribution. Hence the torques can be measured directly from photometry. We demonstrate this using gri CCD data for M100 (NGC 4321). Since we nd consistency among the three bands, we believe that dust and young stars in the arms do not seriously bias our results. If the present epoch is representative, the timescale for redistribution of angular momentum in M100 is 5 ? 10 Gyr.
Introduction
It has long been recognized that spiral structure may be associated with secular dynamical changes in galactic disks. The anti-spiral theorem of Lynden-Bell & Ostriker (1967) states that strictly steady state spiral modes of linear amplitude cannot exist without dissipation, except where they are superpositions of degenerate nonspiral modes.
only upon the mass distribution, and not upon the persistence or pattern speed of the arms. One needs a photometric tracer of the nonaxisymmetric mass. Fortunately, the dark-matter halo does not contribute to the torque because, probably, it is dynamically too hot to participate in spiral structure. The rate at which the torque modi es stellar orbits depends upon the rotation curve, however, and hence upon the halo. To translate the torque into a secular evolution rate, one must also assume that the torque measured today is typical of the galaxy at other times.
To illustrate the feasibility of the torque measurement, we have applied our methods to the bright and well-studied Virgo spiral M100. The data and our extinction corrections are described in x2. The method of analysis is laid out in x3, together with tests on arti cial data. Results for the torque in M100 are given in x4. x5 sums up and brie y reviews the relationship of the gravitational torque to the total angular momentum ux in density-wave theory.
2. M100
The Images
Images of M100 were taken from A Catalog of Digital Images of 113 Nearby Galaxies Frei et al. (1995) , henceforth FGGT]. Observations were made on the 1.5 meter telescope (P60) of the Palomar Observatory on the night of 4 May 1991 with the Wide Field Prime Focus Universal Extragalactic Instrument. Images were taken in the g, r, and i bands of the Thuan-Gunn photometric system Thuan & Gunn (1976) , Wade et al. (1979) ]. These lters are centered at 0.50 , 0.65 , and 0.82 , respectively. See Frei & Gunn (1994) and FGGT for details. The eld of view is 16 0 16 0 , and it is projected on an 800 800 Texas Instruments CCD chip in the Cassegrain focus, yielding a scale of 1: 00 19 pixel ?1 . Using Hubble Space Telescope observations of cepheids, Freedman et al. (1994) have estimated the distance of M100 as 17.1 1.8 Mpc. Thus the projected size of a pixel is 99 10 pc.
A uniform sky level was subtracted from the images and foreground stars were removed see Frei (1995) ]. The photometric calibration by FGGT used observations of seven standard stars. We have converted the calibrated data in gri to the corresponding Johnson bands V RI according to the transformations of Frei & Gunn (1994) . After transforming the colors and rectifying the images (see below), we have compared the azimuthally-averaged surface brightness pro les and total magnitudes with the photometry of de Jong & van der { 5 { Kruit (1994) . Thus, whereas we nd m I = 8:38, m R = 8:99, and m V = 9:47 (errors not estimated), de Jong & van der Kruit (1994) quote m I = 8:56 0:11, m R = 9:01 0:10, and m V = 9:56 0:08. All magnitudes refer to the light within R 25 , the radius of the 25th-magnitude isophote (at B). From the data of FGGT, we estimate R 25 = 221 00 or 21:9 kpc, in excellent agreement with the value 222 00 cited by the RC3 de Vaucouleurs et al. (1991) ]. Therefore, we believe that the photometry and color transformations available to us are su ciently accurate for our purposes.
The images were recti ed to correct for inclination. This is important, because tests on arti cial data indicate that the torque estimate is sensitive to recti cation errors (x3). There is no doubt that M100 is seen rather close to face-on, but published estimates of the position angle and inclination vary considerably. Having made the attempt ourselves, we are skeptical of estimates based on photometry alone. The ellipticity caused by inclination is second-order in the inclination (i) when i is small; and it is entangled with the intrinsic m = 2 spiral structure. The observed velocities are rst-order (/ sin i); and although spiral structure may disturb the velocity eld, the observed perturbations are also proportional to sin i. It is therefore relatively easy to identify the kinematic axes. We have adopted the position angle 158 determined by Arsenault et al. (1988) from H Fabry-Perot data, which is in good agreement with other kinematic measurements Rubin et al. (1980): 155 ; Warmels (1988) , Guhathakurta et al. (1988): 153 ; Knapen et al. (1993) : 153 ]. Some photometric determinations are almost orthogonal, however: de Vaucouleurs et al. (1991): 30 ; Grosb l (1985) : 58 4 .
We determine the inclination by requiring that the rotation curve agree with the Fisher-Tully (FT) relation. With the total magnitudes m R and m I cited above and the reddening corrections derived in x2.2, the relations of Pierce & Tully (1992) predict a circular velocity V c = 270 22 km s ?1 , where the error is the sum in quadrature of Freedman et al. (1994) 's uncertainty in the distance modulus, the 0:2 mag di erence between our m I and that of de Jong & van der Kruit (1994) , and the 0:1 mag intrinsic width of the FT relation in R and I. Comparing this with the HI data of Guhathakurta et al. (1988) and Knapen et al. (1993) , we adopt i = 27 2:5 . Warmels (1988) found i = 30 by tting the 2D velocity eld.]
We have used the central 512 512 pixels (609 00 609 00 ) of each eld for our calculations. Grayscale plots of the original i; r; g images and the recti ed g image are given in Fig. 1 . The g image shows more small-scale structure than the i, presumably as a result of dust and recent star formation. The straight line in Fig. 1d shows the major axis (line of nodes) we have adopted. The small companion seen at the top of the image has proved to have negligible in uence on the measured torque. Two prominent arms are clearly seen. They 
Corrections for Galactic extinction and internal absorption
Since we want to use light as a tracer of mass, it is important to correct the data for the e ects of dust.
According to Burstein & Heiles (1984) , Galactic extinction of M100 in the B band is only A G B 0:04mag. For a standard extinction curve Savage & Mathis (1979) ] that is compatible with Burstein & Heiles (1984) 's assumption A B =E(B ? V ) = 4, we nd A G V 0:031, A G R 0:023, A G I 0:014 for the Galactic extinction at V , R, and I.
The internal absorption within M100 can be estimated in several ways. Tully & Fouqu e (1985) have derived an empirical formula for internal absorption, which is based on the trend in B ? H color with inclination in a sample of late-type spirals. Their formula predicts < A i B > 0:30 mag for i = 27 (and 0:27 mag for i = 0 ). The reduction in surface brightness due to the dust, which is what these numbers measure, is not directly proportional to the extinction optical depth of the disk. The relationship between surface brightness and extinction depends on the relative thicknesses of the star and gas layers, and on scattering. Ignoring these ne points (because the nal correction is small), we use the standard extinction law to derive (A i V ; A i R ; A i I ) = (0:23; 0:18; 0:11) mag. We can check this against Freedman et al. (1994) 's value for the mean extinction of 20 Cepheids in M100, as derived by comparing the period-luminosity relations in V and I: these authors have obtained hA V i = 0:15 0:17. Finally, Xu & Buat (1994) have used the far-infrared emission of 135 spirals to deduce mean and median total face-on optical depths at B of 0:60 0:04 and 0:49, respectively. The surface-brightness reduction corresponding to these optical depths depends on details of the radiative transfer but is probably about half as large; thus, hA B i 0:3 mag. We regard these three ways of estimating the internal absorption as roughly consistent.
Our adopted values for the total corrections to the surface brightness, accounting for both Galactic extinction and internal absorption, are A V = 0:26 mag, A R = 0:20 mag, and A I = 0:12 mag. Hence the redenning-corrected total magnitudes of M100 are estimated to be m I = 8:26, m R = 8:79, m V = 9:21.
Recipe for the Gravitational Torque { 7 {
In this section we explain our methods for calculating the torque from the photometric data. We assume for now that we know the mass-to-light ratio and can convert the surface brightness, , to the stellar mass per unit area, .
Let (r; ; z) be cylindrical coordinates such that r is the distance from the rotation axis of the galaxy, z is the height above the equatorial plane, and is an azimuthal angle. The z component of the gravitational torque across radius R, exerted on the outer (r > R) part of the galaxy by the inner (r < R) part, is (1) where x i is the vector corresponding to coordinates (r; ; z), r is the projection of this vector onto the equatorial plane, and (x) is the stellar mass per unit volume. In the second line, we have rewritten the torque in terms of (r), which we hope is proportional to surface brightness. This requires a distribution of softening lengths (") to describe the disk thickness. Doubling our estimate of the disk thickness Eq. (3)] changes the torque in M100 by only a few percent. For the sake of generality, however, we will describe our treatment of the disk thickness in some detail.
We take the vertical mass pro le to be independent of radius, (r; z) = (r)p(z) with R dz p(z) = 1, whence
Following infrared photometry of edge-on spirals Wainscoat et al. (1989) ; Barnaby & Thronson (1992) ] and star counts in the solar neighborhood Kuijken & Gilmore (1989 
It is convenient to replace the integration over " in Eq.
(1) by evaluation at " = " o h z .
In the limit kR 1, ?(R) can be decomposed into independent contributions from each The torque vanishes if the surface density is bilaterally symmetric around any horizontal axis, since if we were then to orient our coordinates so that the symmetry axis lay along = 0, then sm (r) 0 for all m and r. Whatever the shape of the galaxy, there is no contribution to the torque from any m = 0 component of the density, such as an axisymmetric dark halo.
The torque due to a spiral arm of the form m (r; ) = m0 (r) cos(m + m (r)) 
Constant gives a logarithmic spiral of pitch angle tan ?1 (m= ). At a given k, the torque is maximized when = m, which corresponds to a very loosely-wrapped spiral with pitch angle = 45 . The contribution of the disk to the rotation curve can be expressed in terms of the m = 0 component of the surface density: 
The actual rotation curve, V c , includes contributions from the bulge (spheroid) and dark halo, and corrections for asymmetric drift. Given V c (r), we estimate the angular momentum of the disk interior to radius R:
As discussed in x1, and more fully in x5, the gravitational torque ?(R) is but one component of the angular momentum ux across radius R, but it is expected to be comparable to the other component and perhaps dominant. Therefore, a characteristic evolution time for the angular momentum can be constructed by comparing ?(R) to J(R):
This is closely related to the timescale 0 introduced by Bertin (1983) . Bertin, however, used the total angular momentum ux rather than ?(R) in the denominator. We have tested the above procedures against arti cial data for m = 2 logarithmic spirals with two radial pro les: a power-law disk 2 (r) / r ?1 ] and an exponential disk 2 (r) / exp(?r=h r )]. Like the real images, our arti cial data is binned into 512 2 pixels.
The asymptotic expression Eq. (9) agrees very well with the integral formula Eq. (7) for the exponential density pro le; the relative error is a few percent when the \image" subsumes about four scale lengths (as do the real data|see x4). But the power-law disk { 10 { is very sensitive to truncation of the image. Whereas the correct value of ?(R) should increase linearly with radius, assuming unlimited radial extent and zero thickness, the torque calculated from the arti cial data oscillates with increasing amplitude around the correct value. A similar e ect has been found by Zhang (1995) . Substantial errors occur in the torque calculated from Eq. (7) if the image is incorrectly centered or recti ed. An incorrect center gives rise to a very strong m = 1 harmonic, and the torque oscillates strongly with radius around its correct value. Improper inclination modulates the torque strongly with radius (i.e., broken lines on Fig. 8 for the case of the exponential pro le). This does not seem to be a severe problem in the case of M100, as we discuss in x4.3.
Results

Photometric results
We have applied the techniques described in x3 to M100. We decompose the surface brightness distribution into its Fourier harmonics, cm (r) and sm (r), for m 10. Since the Fourier components (see Fig. 4 below) decrease rapidly with m, and their contributions to the torque decrease even faster cf. Eq. (9)], the rst ten harmonics are more than su cient to reproduce the relevant features of the surface density. Fig. 2 shows images reconstructed from these Fourier components in i and g. The reconstructions are faithful to the originals, but smoother.
The axisymmetric surface-brightness pro le, 0 (r), is shown in Fig. 3 in semilogarithmic form. In this and all subsequent gures, we have transformed the photometric data into the Johnson V RI bands, as described in x2.1. A compact component, presumably the bulge, dominates the light within 20 00 . Between 60 00 and 160 00 , the disk can be approximated by an exponential with scale length h r 64 00 (5:35 kpc). The three bands are parallel in this diagram to better than 0:3 mag between 10 00 and 190 00 ; at larger radii I declines more rapidly than V or R.
Pro les of the nonaxisymmetric Fourier components are shown in Fig. 4 . The moduli and phases are very consistent across the three photometric bands within 200 00 , especially for m 2. Figure 5 shows the azimuthal variation of surface brightness at ve selected radii. Following Rix (1993, Fig. 8) , we have subtracted all of the odd Fourier harmonics. While it is clear that these pro les are not just m = 2 sinusoids, the di erences among the three { 11 { bands are rather small. The maximum brightness contrast between arm and interarm regions is about 1:2 mag, or a factor of 3, in the outer parts of M100; thus we are in qualitative agreement with Elmegreen et al. (1989) , who found contrasts as large as a factor of 4.
The generally good agreement among the three bands, especially in Figs. 4 and 5, indicates that the low-m Fourier components are insensitive to dust. Indeed, radiativetransfer models of Elmegreen (1980) and Rix & Rieke (1993) indicate that dust reduces the VRI surface brightness of face-on Sc spirals by < 10% when the extinction optical depth V 0:5 ? 1, which appears to be a typical value outside of dust lanes. The dust lanes are much more prominant in the g than in the i image (Fig. 1) , but they cover a small area, which is probably why the V and I Fourier components agree so well.
The rotation curve
We have used Eq. (11) to calculate the contribution of the disk to the rotation curve; the results for all three photometric bands are shown in Fig. 6 . A constant vertical scale height h z = 446 pc has been assumed even in the \bulge" (cf. Eq. (3)). Because of the close similarity of the axisymmetric light pro les (Fig. 3) , the three rotation curves are similar in shape.
We assume that the mass-to-light ratio (M=L) is independent of radius, and we choose M=L in each band so as to minimize the di erences among the three curves in the range 60 00 < R < 200 00 and to cause them to t Guhathakurta et al. (1988) 's data in this region. The required (M=L) fI;R;V g = 2:85; 3:49; 3:80 in solar units, after correction for dust (x2.2). Population-synthesis models predict similar ratios: for example, (M=L) fI;R;V g = f2:65; 3:28; 4:20g for Sc galaxies, following Arimoto & Jablonka (1991) and Jablonka & Arimoto (1992) ; and (M=L) I = 1 ? 3, depending on age and metallicity, according to Worthey (1994) . The M=L ratios predicted by the models do not include the mass in the halo, which contributes to the observed rotation curve. Apparently, therefore, the disk contains a fraction f 0:93 (based on I) of the total mass within R max 160 00 , where the rotation curve peaks. A similar value of f has been found by M. Persic and collaborators from careful decompositions of the rotation curve into disk and halo components (private communication). In view of the uncertainties in population synthesis and in these decompositions, we regard f as a free parameter in the range 0:5 f 1 when we estimate the torque.
We repeat that we have not corrected for radial or azimuthal variations in the dynamical M=L. The extent to which our conclusions are compromised by mass-to-light { 12 { variations (for example, due to dust and young stars in the spiral arms) can be gauged by comparing our results for the mass distribution and the torque estimated separately from the data in the three bands.
The Torque and the Evolution Time
The torque computed from all three bands is shown in Fig. 7 . Light has been translated to mass according to the dynamical ratios above, reduced by a factor f = 0:93. Because it is quadratic in the surface density, the torque scales as f 2 . The agreement among the three bands is clearly very good. As shown by the lower panel, almost all of the torque is created by the m = 2 Fourier components. The torque peaks at R peak 130 00 , or about 2 scale lengths. It falls o at larger radii because the disk as a whole quickly fades, although the arm-interarm contrast remains strong. The slightly negative values of ? at R 80 00 may be due to errors in centering or rectifying the image. It is also possible that we are picking up a weak leading wave (assuming that the spiral structure is predominantly trailing), whose presence would be required in steady-state by the swing-ampli er mechanism e.g. Toomre (1981) ]. Knapen et al. (1995) claim a discovery of such leading spiral arms in the nuclear region of M100.
As we indicated in x3, the measured torque curves are sensitive to the recti cation of the galaxy. The upper panel of Fig. 8 shows the results of tests on an arti cial galaxy with an exponential pro le and an m = 2 logarithmic spiral. The spiral was chosen to have a pitch angle comparable to that of M100 ( 4:1 between 80 00 and 240 00 ), and also a comparable amplitude ( 2 = 0 0:4). The hatched region shows the range swept out by the \measured" torque when we varied the assumed position angle by 10 and the inclination by 5 around the true values. The thick curve is the \correct" torque and the dashed and dotted lines indicate the torque for the extreme values of i and PA. The data for M100 are somewhat less sensitive to the recti cation parameters. In the lower panel of Fig. 8 the I-band torque is plotted for our preferred values, i = 27 and PA = 158 . The hatched region is the range swept out when the PA is varied again by 10 and i by 5 . Our tests on arti cial data show that the sensitivity to recti cation increases as the pitch angle and/or amplitude of the spiral arms decreases. Figure 9 depicts the global evolution time Eq. (13) for the three bands. Because of the way t ev (R) has been de ned, it must diverge at large radii, where the torque vanishes, and it isn't reliable at small radii, where the spiral structure is poorly de ned. Therefore, the most interesting features of these curves are their minima, which occur at about two disk scale lengths: t ev;min 6 Gyr. In terms of the mass fraction f introduced above, J(R) / f { 13 { for a xed amplitude of the rotation curve, so t ev / f ?1 . Thus if f 0:5 instead of 0:93, the values shown in Fig. 9 should be increased by a factor 1:9.
Discussion and conclusions
We have shown that a gravitational angular-momentum ux, or torque, can be measured directly from the mass distribution in spiral disks. Using multiband photometry, we have carried out this measurement for M100. Our measurement is somewhat sensitive to the orientation of the galaxy, which we have estimated from external kinematic data. Dust and young stars appear not to be problematic. We obtain consistent results in all three photometric bands. Although dust lanes and local enhancements in the surface brightness due to young stars are more prominent in the shorter-wavelength images, these features do not a ect the m = 2 Fourier components or the torque very much, presumably because they cover rather small areas.
If unopposed and persistent, the gravitational torque would remove most of the angular momentum from the inner two scale lengths of the disk on a timescale t ev 5 ? 10 10 9 yr Eq. (13)] and deposit it in the outer part of the disk. The inner part of the disk would contract, and the outer would expand. Since the central surface density and the scale length of an exponential disk are essentially xed by its total mass and angular momentum (in a given halo potential), a secular evolution of the sort just described could not transform one exponential pro le into another. The local scale length would tend to decrease in the inner parts and to increase near the radius where the torque now peaks. These trends could of course be modi ed by infall of new material onto the disk. The picture we have just sketched in the last paragraph must immediately be quali ed in two respects. First, the spiral structure seen in M100 now may not be typical of its past or its future. By extending the methods explained here to an appropriately chosen sample of disk galaxies, one could compensate for our inability to follow the evolution of spiral structure in individual systems. It would be important to de ne the sample by properties not directly related to the spiral arms; for example, one might use bulge-to-disk luminosity ratio.
Second, there is another component of the angular momentum ux besides the gravitational torque. We have focused on the gravitational torque in this paper because it depends only on the mass distribution, is largely independent of dynamical theory, and is directly derivable from observations. Nevertheless, in density-wave theory another contribution to the ux appears because the spiral potential induces correlations between radial and azimuthal epicyclic velocities. Thus we may have a nonzero ux by \lorry (14) is analogous to Reynolds stress in a turbulent uid. Unfortunately, we cannot relate F l:t: to the gravitational torque ? without making dynamical assumptions. For example we must decide whether the spiral is steady (i.e. xed in a rotating frame) or a transient swing-ampli ed disturbance, and we must assume or measure the unperturbed velocity dispersion, or equivalently the Toomre Q parameter, as a function of radius.
For su ciently short-wavelength tightly-wrapped steady spirals of a de nite pattern speed and neglegible growth rate, the sign of the total ux F ? + F l:t: depends upon whether the spiral is on the short or long branch of the density-wave dispersion relation 
where !=m is the pattern speed, = V c =R the circular frequency, the epicyclic frequency, R the radial velocity dispersion, k r = =R the radial wavenumber, and F 1 the \reduction factor" cf. Binney & Tremaine (1987) , Eq. (6-46)]. At a given pattern speed, Eq. (15) has two (or zero) solutions for jk r j; the smaller jk r j lies on the long branch, and the larger on the short branch. In a marginally stable disk (Q=1), the two branches meet at k r 1=a 0 , where a 0 R = is the r.m.s. epicyclic amplitude. On the long branch, F=? < 0, so that a steady trailing wave has an inward total angular momentum ux even though the gravitational ux is outwards; on the short branch, ? dominates the total ux, which is therefore positive for trailing waves. Since the spiral arms in M100 are rather open, kR 4, there is a good chance that they lie on the long branch and thus carry a negative (=inward) total ux. But the considerations of this paragraph are applicable only if the arms have a de nite pattern speed and a small or vanishing growth rate; and perhaps not even then, because of the arms' long wavelength and probable nonlinearity. On general energetic grounds, as discussed by LK, one expects the total angular momentum ux normally to be outwards. These and related matters have been reexamined recently in a series of papers by Zhang (1995) . Bertin (1983) has also considered the torque transmitted by spiral structure and has estimated J=F 47 Gyr, or about one order of magnitude larger than our value. Bertin did not work directly from photometric data for any particular galaxy, as we have, but chose what he believed to be typical values for the spiral wavelength, density contrast, and stability parameter Q. He drew extensively on the linearized dynamical theory of density waves. One can show that his expression (6) for the torque is essentially equivalent to our { 15 { asymptotic expression (9) the tight-winding ( m) limit, provided Q 1. However, Bertin assumed a density amplitude of 23%, whereas we nd 2 = 0 40% Fig. 4 One may have to analyze a number of galaxies in at least as much detail as we have studied M100 in order to decide whether the relatively long timescale found by Bertin (1983) or the short one proposed here is more relevant.
We would like to thank James Gunn and James Rhoads for discussions. We are indebted also to Edward Fitzpatrick for help with the IRAF image processing software, to Hans-Walter Rix for valuable criticism, to Giuseppe Bertin for calling our attention to his earlier work, and to Xiaolei Zhang for reminding us of the importance of lorry transport. This work was supported by NASA's Astrophysics Theory Program under grant NAGW-2419. 
